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Wide-Band Superconductive Chirp Filters

MARK S. D]IORIO, RICHARD S. WITHERS, MEMBER, IEEE, AND ALFREDO C. ANDERSON

~bstracf — Cfdrp filters are described that consist of miniature tapped

superconductive stripline. The stripline consists of 40-pm-wide niobium

thin films in a spiral pattern on 125-pm-thick silicon wafers, and tapping is

effected by backward-wave couplers between neighboring lines. Sophisti-

cated fabrication and packaging techniques have led to a now mature

technology. Devices with 2.6 GEE bandwidth and time-bandwidth products

of 98 are routinely fabricated that exhibit amplitude errors within a few

tenths of a decibel and phase errors witfdn a fraction of a degree of

theoretical. In pulse-compression tests, matched amplitude-weighted de-

vices yield peak relative side-lobe levels of – 32 dB.

I. INTRODUCTION

A CHIRP FILTER is characterized by an impulse re-

sponse which has an instantaneous frequency which

increases or decreases linearly in time, and consequently

has a linear group-delay versus frequency characteristic.

As such they can be employed as matched filters for

analog signal processing applications, such as high-perfor-

mance radar [1], spread-spectrum communications [2], [3],

and spectral analysis [4], [5].

Surface-acoustic-wave and acoustooptic technologies

have produced useful devices with bandwidths as large as 1

GHz [6], [7]. More recently, superconductive technology

has been employed to produce chirp filters with band-

widths as large as 2.6 GHz [8], [9]. This technology pro-

vides the three essential functions needed to produce the

chirp filter: delaying the input signal, tapping the signal

stream at specified delays and with specified weighting,

and summing the tapped signals.

The basic concept is to utilize coupled miniature super-

conductive striplines on a low-loss dielectric to provide

useful delay at microwave frequencies. The stripline itself

has negligible dispersion since it is a superconducting

TEM structure; the dispersion is built into the device by

tapping the input stripline with backward-wave couplers

[10]. The coupled signals are summed into the traveling

wave along the output stripline. Use of electromagnetic

delay lines offers wide bandwidth (potentially tens of

GHz), although the large propagation velocity limits the

delays to about 10 ns per meter. A long miniaturized

stripline is thus required to achieve reasonable delay in a

small package. Superconductors are necessary to avoid the
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large transmission loss which would otherwise result from

fabrication of long (4 m), narrow (40 pm) striplines from

normal metals.

Key figures of merit for the chirp filters are the band-

width, B, and the delay or dispersion time, T. The

time–bandwidth product, TB, is a measure of the signal-

processing gain available from a matched pair of devices.

Other important considerations concern the amplitude and

phase deviations from ideal behavior. For matched-filter

applications, such deviations are manifested by degraded

side-lobe performance in pulse-compression tests [11]. Sup-

pression of these side lobes, in any technology, requires

amplitude-weighting the filters as well as retaining tight

control over their amplitude- and phase-versus-frequency

characteristics. In the past, nonidealities have substantially

limited the side-lobe performance for superconductive

chirp filters [9], [12].

In this paper we present high-performance superconduc-

tive chirp filters which operate over bandwidths of 2.6

GHz and larger. Previously, superconductive chirp filters

were fabricated that, while demonstrating proof of princi-

ple, fell well short of theoretical expectations. Improve-

ments to the fabrication and packaging technology have

produced new devices that closely match the theoretical

design and hence exhibit excellent compressed-pulse per-

formance. Consequently, the superconductive chirp filter

has matured to where it is now practical for a variety of

analog signal processing applications. A complete descrip-

tion of the state of the art of this technology is presented

here for the first time.

II. DEVICE STRUCTURE AND FABRICATION

The chirp filters consist of a coupled pair of supercon-

ductive striplines which are wound in a spiral fashion. The

two striplines are coupled by a cascaded array of back-

ward-wave couplers as shown in the schematic of Fig. 1.

An input signal is launched as a forward-propagating wave

on one of the lines. At specified points along the line pair,

a fraction of the signal energy is coupled onto a

backward-propagating wave on the second line. Each cou-

pler has a peak response at frequencies for which the
coupler length is equal to an odd number of quarter

wavelengths. To obtain the desired chirped frequency-

versus-delay characteristic, the reciprocal of the length of

each coupler is made a linear function of the length along

the line. The resulting structure then has a local resonant

frequency that is a linear function of the delay. In Fig. 1

the coupler length gets longer to the right in the figure;
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Fig. 1. Schematic ofacti~filter consisting ofcascaded backward-wave
couplers between neighboring striplines. A typicaf device comprises a
few hundred couplers. Phase response is controlled by the length of the
couplers, and amplitude response is controlled by the line-to-line
separation.

consequently, lower frequencies suffer longer delays. The

strength of each coupler can be controlled by varying the

line spacing to give a desired amplitude weighting to the

filter response. Also note that the chirp filter is a four-port

device and can be used to produce either an up-chirp or a

down-chirp by utilizing the appropriate pair of ports.

‘The chirp filters are designed from first principles, using

coupling of modes theory [8]. The center frequency, band-

width, insertion loss at center frequency, and weighting

function are specified, and a grating function (coupling

versus spatial coordinate) is generated. The grating func-

tion includes a correction for amplitude distortions caused

by strong coupling and consequent input-wave depletion.

A straightforward electromagnetic analysis is then used to

specify the line spacing function and a photomask is

produced.

The chirp filter is fabricated by sputtering Nb films onto

2-in-diameter, 125-pm-thick silicon wafers and using rni-

crolithographic techniques to pattern the films. Fig. 2

shows the silicon wafer containing the patterned center

conductor; the ground plane has been deposited on the

other side of the wafer. The second silicon wafer (not

shown in Fig. 2) contains but a single Nb ground plane.

The stripline structure is obtained by holding the two

wafers together with mechanical spring pressure.

Nb is currently utilized for the superconductor because

it is a refractory material and hence is extremely rugged. In

addition, its superconducting transition temperature, 9.2

K, is safely above our device operating temperature of 4.2

K. Other, higher-transition-temperature superconductors

could be utilized if they possessed low RF loss and could

be deposited uniformly across the 2-in silicon substrates.

Silicon is chosen for the dielectric because of its low loss,

its high dielectric constant (which yields longer delay for a

given substrate area), and its processing compatibility with

Nb. Note that stripline is used because of superior isola-

tion and dispersion characteristics compared with mi-

crostrip or coplanar designs occupying an equal substrate

area. More extensive details of the device structure and

fabrication can be found elsewhere [9], [13].

The chirp filters are designed to have 37.5 ns of disper-

sion and a 2.6 GHz bandwidth (centered at 4 GHz), for a

time–bandwidth product of 98. For pulse compression,

two types of chirp filters are constructed. One filter has a

flat 5 dB insertion loss across the design bandwidth, while

the other filter is amplitude-weighted for a Hamming [1]
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Fig. 2. Photograph of a quadruple-spiral coupled-stripline chirp filter.

The 5-cm-diameter silicon substrate supports 3.3 m of 3!Lpm-wide

niobium stripline. The upper silicon substrate (not shown.) with its
niobium ground plane is held in place by mechanical sprin~ pressure.
The inset shows a single coupler and neighboring lines.
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Fig. 3. Time-domain reflectometer display of the reflections from one

of the two lines of a coupled- stripline chirp filter. The characteristic
impedance is 51+ 0.5 Q with rms deviations (neglecting the slow drift

of the reflectometer baseline) of a few tenths of an ohm.

response with a 5 dB insertion loss at the center frequency.

In the past, the chirp filters had been designed to have a

10-dB insertion loss. The stronger coupling in the present

design is utilized to improve the ratio of desired to spttri-

ous signals in the device response, although this comes at

the expense of limiting the theoretical side-lobe perfor-

mance. The weaker coupling designs, however, were never

able to reach their potentially superior side-lobe perfor-

mance because of spurious signal reflections ~stemming

from particulate lodging between the silicon substrates.

Careful packaging of the chirp filter is essential to

obtain excellent device performance. The problelms steam
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Fig. 4. Design-model and measured ampfitude responses of a flat-
weighted chirp filler.

from the fact that the stripline is assembled from two

separate thin substrates. Any particulate between the

wafers can significantly alter the effective dielectric con-

stant at those points, which changes the stripline impedance

and produces spurious signal reflections. With sufficient

attention toward maintaining clean wafers during fab-

rication and packaging, the yield of reproducible, high-

performance devices readily exceeds 90 percent. The RF

packages are also designed to prevent particulate from

entering subsequent to the packaging process. Conse-

quently, the devices can be subjected to repeated thermal

cycling, from 300 K to 4.2 K and back, without degrada-

tion. Fig. 3 shows a time-domain reflectometry measure-

ment for one of the chirp filters. The low level of spurious

reflections ( <0.2 percent rms) indicates an absence of

fabrication defects and particulate.

111. RESULTS

The phase and amplitude responses of the chirp filters at

4.2 K were measured from 2 to 6 GHz using an HP 8408B

automatic network analyzer. Both the measured and simu-

lated amplitude responses of a flat-weighted device are

shown together in Fig. 4. The simulations were made with

the first-principles theory used to design the filter and were

based on the physical design parameters of the device.

Further details concerning the theory and simulations can

be found elsewhere [8], [12]. The agreement between theory

and experiment is excellent, even to the amplitude oscilla-

tions (Fresnel ripple), which are strongest at the frequency

band edges. The Fresnel ripple stems from the discontinu-

ity at the ends of the coupled lines; effectively the weight-

ing function abruptly changes from zero to its constant

design value (– 5 dB here). The discontinuity in coupler

strength also generates phase distortions which have the

form of a decaying ripple. Fig. 5 shows the measured and
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Fig. 5. Desigrl-model and measured phase deviations of a flat-weighted
chirp filter.

simulated phase deviation from the best-fit quadratic. (Re-

call that since a chirp has a group delay that is linear in

frequency, the phase is quadratic in frequency.) The mea-

sured best-fit quadratic yields a chirp slope that is within

1.3 percent of the designed chirp slope. The remaining

phase error (deviation from quadratic) has a rms value of

6.0°, which is very close to the predicted rms phase error

of 5.9°. Note further that the measured phase-deviation

data closely track the simulated phase deviation, especially

along the large-amplitude swings near the band edges,

which are related to the Fresnel ripple.

The measured and simulated amplitude responses of a

Hamming-weighted filter are shown in Fig. 6. Again the

agreement is excellent. The phase deviation from quadratic

is shown in Fig. 7. The measured chirp slope differs from

the design value by 0.6 percent. The measured rms phase

error has been weighted by the Hamming function to yield

a weighted rms phase error of 3.10, which compares favor-

ably with the predicted weighted rms phase error of 3.50.

For comparison, the measured unweighed rms phase error

is 4.7°, while the predicted unweighed error is 3.9°. The

slowly varying sinusoidal shape of the phase deviation data

stems from the strong coupling of the taps.

Note that the phase distortions caused by the strong tap

weighting could be compensated by adjusting the tap

weighings, i.e., by predistorting the device response [12].

Small imperfections in the device fabrication or packaging,

most of which stem from small variations in the line width

and submicron-size particulate between the wafers, can

also effect such predistortions. These occasionally can even

be beneficial, leading to a measured rms phase error that is

less than the design, or simulated, rms phase error. Since

the required predistortions are small, exceeding the design

performance can only occur in devices which are carefully

fabricated.
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Fig. 6. Design-model and measured amptitude responses of a Ham-

ming-weighted chirp filter.
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Fig. 7. Design-model and measured phase deviations of a Hamming-

weighted cbirp filter.

The compressed pulse response of a matched pair of

chirp filters was obtained by applying a7 Vvideo impulse

of 85 ps width to the input of a flat-weighted filter. The

expanded up-chirp response was then directly applied to

the down-chirp input port of the Hamming-weighted filter.

Fig. 8showsthe resulting compressed pulse which hasa4

dB full width of 0.6 ns, consistent with the 2.6 GHz

bandwidth and Hamming weighting (which broadens the

compressed pulse). The largest side lobe lies at – 32 dB

relative to the central peak.
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Fig. 8. (a) Compressed-pulse response of matched flat-weighted and
Hamming-weighted chirp filters with 2.6 GHz bandwidth and 38-ns

dispersion. (b) Compressed-pufse response displayed with 26 dB addi-
tional gain, demonstrating 32 dB peak relative side-lobe levels.

For comparison, the side-lobe level of the compressed-

pulse response expected from the design is – 30.5 dB. This

is obtained by multiplying the transfer functions of the

two filters (shown in Figs. 4 through 7) and then Fourier

transforming to generate the compressed-pulse response.

The 4 dB full width is 0.60 ns, which is in excellent

agreement with the measured value. Note that to” obtain

the ideal – 42 dB Hamming side lobes would require a

design with a higher insertion loss (e.g., 20 dB) or, alter-

nately, with phase predistortion [12] to compensate for the

effects of strong tapping and the consequent input wave

depletion. In the present case, small fabrication- and pack-

aging-induced phase predistortions have caused the mea-

sured compressed-pulse response to exceed the low-inser-

tion-loss design.

Wider bandwidth chirp filters have also recently been

fabricated. These devices have a 6 GHz bandwidth

(centered at 6 GHz), a delay time of 42 ns, and hence a

time–bandwidth product of 252. The rms phase error for

this flat-weighted device is 13.1° across the full 6 GHz

bandwidth, even though the package is limiting the perfor-
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mance at the higher frequencies.

the 3.5–6.0 GEIz range is 5.6°.

One limitation of the present
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The rms phase error for

chirp filters is the rela-

tively small delay. The amount of delay is limited by the

length of stripline which can be fabricated on a wafer. The

maximum length is primarily constrained by isolation re-

quirements, which, in turn, are set by wafer (i.e., dielectric)

thickness. Efforts are currently under way to increase the

delay by (1) cascading the wafers and (2) developing

thinner low-loss dielectric substrates [9].

IV. CONCLUSIONS

High-performance wide-band superconductive chirp fil-

ters have been demonstrated. Improvements to the fabrica-

tion and packaging processes have yielded excellent de-

vices that closely match the design. The devices are rugged,

reproducible, and thermally cyclable. Pulse compression

with low relative side-lobe levels has been demonstrated

over a 2.6 GHz bandwidth. The potential exists to increase

both the bandwidth and the delay of these devices. Finally,

note that development of low-loss, high-transition-temper-

ature thin-film superconductors would allow operation of

these devices in small closed-cycle cryocoolers.
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